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We present results of Raman scattering experiments on tetragonal (Y1−yCay)Ba2Cu3O6+x for
doping levels p(x, y) between 0 and 0.07 holes/CuO2. Below the onset of superconductivity at
psc1 ≈ 0.06, we find evidence of a diagonal superstructure. At psc1, lattice and electron dynamics
change discontinuously with the charge and spin properties being renormalized at all energy scales.
The results indicate that charge ordering is intimately related to the transition at psc1 and that the
maximal transition temperature to superconductivity at optimal doping Tmaxc depends on the type
of ordering at p > psc1.
PACS numbers: 74.72.-h, 74.20.Mn, 78.30.-j, 78.67.-n
In cuprates the maximal transition temperature to su-
perconductivity Tmaxc depends on the compound class.
In contrast, the variation of Tc with doping p does not,
and superconductivity exists between approximately 0.05
and 0.27 holes per CuO2 formula unit in clean samples
[1]. In the presence of disorder this range shrinks [1]
leading to a sample-specific onset point of superconduc-
tivity at psc1 ≥ 0.05. In addition to superconductivity,
short-range antiferromagnetism with the domains sepa-
rated by quasi one-dimensional charged stripes can occur
[2, 3, 4, 5, 6]. In La2−xSrxCuO4 (p = x), this superstruc-
ture is oriented along the diagonals of the CuO2 plane
below psc1 and rotates by 45
◦ at psc1 [7]. This rotation
was also seen in the low-energy electronic Raman spectra
where the ordering-related response flips symmetry [8].
For p > psc1 superstructures are observed in all
cuprates [3, 6, 9, 10, 11, 12]. However, the type of or-
dering and its relationship to superconductivity is rather
complicated to pin down [5, 13, 14]. In a few compounds
the lattice stabilizes static spin and charge superstruc-
tures and the superconducting transition temperature is
reduced or quenched [3, 6]. In most of the cases fluctu-
ating order prevails, and it is particularly hard to detect
the charge part [5, 13]. Raman spectroscopy was found
to be a viable method [8].
Inelastic (Raman) scattering of light is capable of prob-
ing most of the excitations in a solid including lattice
vibrations, spins, and electrons, as well as their interac-
tions [15]. Since the polarizations of the incident and the
scattered photons can be adjusted independently, many
of the excitations can be sorted out via the selection
rules. For instance, the transport properties of conduc-
tion electrons can be measured independently in different
regions of the Brillouin zone [15, 16], and the orienta-
tion of (fluctuating) charged stripes can be determined
[8]. A detailed model calculation [17] demonstrated that
in addition to the symmetry selection rules the depen-
dence on energy and temperature of the response related
to stripes can be understood quantitatively (Fig. 1) in
terms of charge-ordering fluctuations.
In this paper, we focus on the “high-Tc” compound
YBa2Cu3O6+x (Y-123) at doping levels 0 ≤ p ≤ 0.07.
The purpose is to gain insight into the nature of the
onset of superconductivity at psc1 ≈ 0.06 and into pos-
sible discrimination criteria to the “low-Tc” compound
La2−xSrxCuO4 (LSCO) studied earlier [7, 8, 17]. For
0 < p < psc1 we find spectral features strikingly similar to
those in LSCO and conclude that the diagonal stripe-like
superstructure is universal. Above psc1, the indications
of the diagonal superstructure disappear. However, in
clear contrast to LSCO no indications of stripe ordering
are found in Y-123. Hence, the first-order type changes
at psc1 are not a peculiarity of LSCO [7, 8] but exist
also, though with distinct differences, in Y-123. Along
with that, the direct spin-spin exchange interaction and
the electron-phonon coupling discontinuously de- and in-
crease, respectively, across psc1.
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FIG. 1: (Color online) Response of charge-ordering fluctu-
ations in (Y0.97Ca0.03)Ba2Cu3O6.05 [17]. The points repre-
sent the experimental results, the full lines are theoretical fits.
(Reproduced with permission.) Two fluctuations with finite
but opposite momenta are exchanged (Azlamazov-Larkin di-
agrams). The inset shows the peak positions of the response
as a function of temperature in (Y0.97Ca0.03)Ba2Cu3O6.05,
La1.98Sr0.02CuO4, and La1.90Sr0.10CuO4. At similar doping
(p ≃ 0.02) the points essentially coincide.
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FIG. 2: (Color online) Raman response Rχ′′(p,Ω) of (Y1−yCay)Ba2Cu3O6+x at low doping and temperature outside the
superconducting state (raw data). The response Rχ′′(Ω, p) is obtained by dividing the experimental spectra by the Bose factor.
All spectra are measured with the Ar laser line at 458 nm. The upper (a,c) and lower (b,d) panels correspond to the B1g and
B2g symmetries, respectively, with the related polarizations and sensitivities in the Brillouin zone as indicated. Doping level
and measuring temperatures of the samples are shown as full circles in the schematic phase diagram in the inset in (a), where
AF and SC label antiferromagnetism and superconductivity, respectively, and are indicated explicitly in (b). Panels (a) and
(b) show an energy range of 8000 cm−1 equivalent to 1 eV. In (c) and (d) the low-energy and intensity range is expanded as
indicated by dashed boxes in (a) and (b). The inset in (c) shows the peak intensity of the B1g “buckling” phonon at 340 cm
−1
(43 meV). Triangles and squares represent Ca-free and Ca-doped Y-123, respectively.
For the studies we used single crystals of
(Y1−yCay)Ba2Cu3O6+x grown in BaZrO3 crucibles
[18]. Doping with Ca allows us to directly control the
number of holes. For x ≃ 0, doping levels up to p = 0.06
are given by the Ca content, p = y/2 [1]. Crystals with 0,
2, 8, and 12% Ca were studied, all not superconducting
for x ≃ 0. Superconductivity could be induced only by
oxygen co-doping (y = 0.08, x = 0.3), and p ≃ 0.07 is
estimated from the transition temperature Tc = 28 K
via the universal relationship Tc(p) [1]. The material
remains tetragonal on the average. Hence, all samples
studied here have the same crystallographic structure.
We made sure that the observed effects are independent
of the way of doping by also studying Ca-free crystals
with x = 0.3 and 0.4 with Tc = 0 and 26 K, respectively
[see Ref. [25] and inset of Fig. 2 (c)]. For x = 0.4, the
superconducting sample is orthorhombic with the twin
boundaries visible under polarized light. The results are
identical to within the experimental uncertainty and will
be published elsewhere.
In Figure 2 we show normal-state Raman spectra of Y-
123 at low temperature in the doping range 0 ≤ p ≤ 0.07.
We describe first the overall trends in the energy range
of 8000 cm−1 (1 eV).
In B1g symmetry [Fig. 2 (a)] an intense phonon at
340 cm−1 and scattering from nearest-neighbor spin-flip
excitations in the range between 2000 and 4000 cm−1
are the most prominent features observed. The evolution
with doping of the magnetic scattering shows features be-
yond those found before [20, 21]. As long as the doping
is below the onset point of superconductivity (p ≤ psc1)
the peak height changes slowly and continuously while
the position is essentially constant. Upon crossing psc1
the two-magnon peak moves discontinuously downwards
by approximately 250 cm−1. Independent of doping, po-
sitions and intensities of the two-magnon peaks react only
mildly when the temperature is raised [25].
In B2g symmetry [Fig. 2 (b)] light scattering from spin
excitations is weak [15]. A low-energy continuum appears
only at finite carrier concentrations. The high-energy
response increases continuously until superconductivity
sets in. Then, the spectrum assumes a more convex shape
and is depressed at high energy.
Zooming in on low-energies [Fig. 2 (c) and (d)] we
observe a continuous increase of the electronic response
upon doping in B1g symmetry [Fig. 2 (c)] with no signif-
icant changes across p = psc1. On the other hand, the
peak height of the B1g phonon at 340 cm
−1 collapses by
factor of two for p > psc1 [inset of Fig. 2 (c)].
In B2g symmetry [Fig. 2 (d)] we find a complete sup-
pression of the electronic Raman spectra below 400 cm−1
for p = 0 as expected for an insulator. As soon as car-
riers are added the response becomes finite and a new
peak in the range 15–30 cm−1 pops up similar to those
in La1.98Sr0.02CuO4 [8] and (Y0.97Ca0.03)Ba2Cu3O6.05
(Fig. 1, [17]). Up to psc1 the integrated cross section
increases proportional to p. For p = 0.07 it does not
change any further.
In Fig. 3 we plot the low-energy B2g spectra at two
characteristic doping levels below and above psc1 as a
function of temperature in order to further highlight
the qualitative changes across the critical doping. At
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FIG. 3: (Color online) Raman response Rχ′′B2g (T,Ω) of
(Y1−yCay)Ba2Cu3O6+x at p = 0.07 (a) and 0.04 (b). In the
insets we plot the low-energy “Raman resistivities” Γ0(T ) ∝
(∂χ′′/∂Ω)−1Ω=0 (squares) corresponding to the initial slope of
the spectra [16] and compare them with the conventional re-
sistivities (lines) from ref. [22].
p = 0.07 the response develops as expected from the re-
sistivity and the results at p ≥ 0.1 [16, 22, 23] includ-
ing a pseudogap of approximately 1000 cm−1 opening up
below 150 K [16]. As shown in the inset of Fig. 3 (a)
the Raman relaxation rate Γ0(T ) ∝ (∂χ
′′/∂Ω)−1Ω=0 at low
energies follows the resistivity when properly converted
[16]. This is in clear contrast to the non-superconducting
sample at p = 0.04 where a qualitative difference be-
tween the Raman and the transport resistivities is found
in the entire temperature range [inset of Fig. 3 (b)]. As
can be seen in the main panel of Fig. 3 (b) the discrep-
ancy originates from the low-energy peak developing be-
low approximately 250 K. Along with the peak a pro-
nounced pseudogap of approximately 650 cm−1 opens
up which, if taken alone, could essentially account for
the increase of the conventional resistivity towards low
temperature. The pivotal question is as to what drives
the abrupt changes versus doping level in the magnon,
charge, and phonon spectra. In what follows we show
that these changes are related to the superstructure in
a universal way. So far, the rotation at p ≃ psc1 of
the essentially 1D or stripe-like pattern from diagonal
to parallel with respect to the Cu–O bond direction is
only established in LSCO [7], for which Tmaxc ≃ 40 K.
In the compounds with Tmaxc in the 100 K range evi-
dence of ordering is found only at p ≥ 0.10. In Y-123
[10, 11] and Bi2Sr2CaCu2O8+δ [9] the order is more of
checkerboard or 2D rather than of 1D or stripe type. For
psc1 < p < 0.1, the superstructure in Y-123 seems to dis-
appear [24]. Very recently, nematic order was proposed
to occur close to p ≃ 0.07 [12]. To our knowledge, there
are no experiments below psc1.
Here, we find collective modes in the Raman spectra
at 0 < p < psc1 exhibiting shapes as well as symmetry
and temperature dependences similar to those in LSCO
[8]. Apparently, they originate from the same fluctuating
spin and charge superstructure with a modulation along
the diagonals of the CuO2 plane (Fig. 1) [17]. We are
aware that our information is not on the structure di-
rectly but only via the dynamics. However, there is no
structural analysis available and the selection rules are
a particularly strong argument as to symmetry break-
ing and orientation. In addition, shape and temperature
dependence demonstrate the similarity of the underly-
ing physics (Fig. 1). Hence, we find indications of spin
and charge ordering in a completely tetragonal cuprate
in the doping range between the antiferromagnet and
the onset of superconductivity. The type of ordering at
0 < p < psc1 is universal and depends neither on the
material class nor on structural details of the crystals
such as lattice distortions nor on the way of doping. In
fact, Ca and O doping in Y-123 lead to equivalent re-
sults [25] [for the B1g phonon see inset of fig. 2 (c)]. In
particular, Ca is sitting on a site with the full lattice
symmetry and does not trap charges [19]. Therefore,
the influence on the direction of the superstructure is
expected to be weaker than that of Sr in LSCO [26] if
not negligible. Alternatively, the shape of the Fermi sur-
face can influence the orientation of the ordering in a
fashion similar to nesting in materials with charge den-
sity waves [27]. With increasing doping the distance be-
tween the stripes decreases [6, 7] and the ordering wave
vector qcharge becomes large enough to connect the flat
parts of the underlying Fermi surface [see, e.g., inset of
Fig. 2 (c)]. Therefore, diagonal order becomes less favor-
able for phase space reasons and disappears above psc1.
Defects may shift psc1 [1].
While symmetry arguments and analogies lead to
straightforward conclusions for p < psc1 the analysis at
p > psc1 is less direct. In contrast to LSCO, where the
ordering-induced collective modes change symmetry from
B2g to B1g along with the rotation of the superstructure
[8], we do not observe any ordering-related peaks in Y-
123 for p > psc1 [see Fig. 2 (c), p = 0.07 and Ref. [8]].
However, all the renormalization effects described above
demonstrate indirectly a very strong interaction peaked
close to the M points, i.e. with |dx2−y2 | symmetry, [see
inset of Fig. 2 (c)] to become effective at p > psc1. This
interaction leads to a shift of the two-magnon peak indi-
cating a reduction of the Heisenberg exchange coupling J
by almost 10%. The related fluctuations also open a new
coupling channel of proper symmetry for the B1g phonon
as indicated by the discontinuous reduction of the peak
intensity and the onset of a (weak) Fano-type line shape.
The effect on the q ≃ 0 Raman phonon is relatively weak
in contrast to the strong coupling at qcharge ≃ 0.25(2pi/a)
[28]. In fact, it would be interesting to study the buck-
ling and the half-breathing phonons close to the expected
qcharge right above and below psc1.
In conclusion, superconductivity and the apparently
4FIG. 4: (Color online) Phase diagrams for “low” (a) and “high”-Tc (b) cuprates as derived from earlier [8] and present Raman
data and from neutron scattering [6, 10, 11, 24] and scanning tunneling microscopy [5, 9] measurements. The position of
the onset point of superconductivity psc1 depends on the degree of disorder with the minimum at approximately 0.05 for
clean materials [1]. The differently long lines qualitatively indicate doping and temperature ranges, density, orientation, and
correlation lengths of stripes. The square pattern symbolizes checkerboard order which, however, is only established for p > 0.10.
For psc1 < p < 0.10, there are indications from the Raman results presented here for an interaction with structure in momentum
space as sketched.
universal diagonal order at p < psc1 are mutually
exclusive. On the basis of the so far available results
(including ours) it seems that details of the order at
p > psc1 are crucial for T
max
c . In the “low”-Tc materials
such as LSCO collinear stripe order prevails [2, 3, 4, 6, 7].
In compounds with Tc-s in the 100 K range the order is
more 2D, e.g. of checkerboard or nematic type, aligned
with the CuO2 plane [9, 10, 11, 12]. For psc1 < p < 0.1
we found a strongly momentum dependent interaction
which is symmetry compatible with the order at p > 0.10
and with the superconducting gap. Possible candidates
are quasicritical fluctuations of charge stripes [29] or a
fluctuating Fermi surface deformation [12, 30]. Either
the electron-lattice interaction [14, 26] or details of the
band structure [31] can influence the order. Combining
our results with earlier ones we arrive at the phase
diagrams sketched in Fig. 4.
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